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Abstract
We analyze the 37 high energy neutrino candidates reported by the IceCube collaboration after three years ot time
exposure. The total ﬂux and distribution of these events clearly reveal the presence of extraterrestrial neutrinos since
the atmospheric neutrino ﬂux is not enough to explain the data. The usual candidate to explain the presence of these
high energy events are astrophysical neutrinos generated from the interaction of cosmic rays with the intergalactic
media. In this work we also pursue the possibility of explaining the IceCube data in the context of a decaying long
lived particle (LLP) scenario. Indeed, we analyze three diﬀerent scenarios considering multiple combinations of the
sources mentioned above. We ﬁnd that with the current data none of these scenarios is statistically preferred over
the others. The necessary exposure time required to ﬁnd signiﬁcant diﬀerences between the scenarios is evaluated.
For completeness we also present a working model that can accommodate the necessary LLP properties in order to
explain the data.
1. Introduction
The IceCube neutrino observatory, located in the
South Pole, initiated the data taking in 2010 and af-
ter (two) three years of time exposure the collaboration
has reported the detection of (28) 37 high energy neu-
trino candidates in the energy region from 30 TeV to
2 PeV [2, 3]. These results include the reconstruction
of the energy, spatial direction and morphology of each
event. For our analysis we just consider the neutrino
energy spectrum.
The neutrinos observed at IceCube arise from multi-
ple sources. For instance, a common source of neutri-
nos are cosmic ray air showers. This source of atmo-
spheric neutrinos is an irreducible background that is
carefully considered by IceCube. Nonetheless, the re-
sults from the analysis of the IceCube collaboration [3]
indicate that the atmospheric hypothesis is excluded at
7.5σ conﬁdence level as the unique source of high en-
ergy neutrinos. However, this mismatch was expected
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because the atmospheric ﬂux is quite reduced in the high
energy regime and there are standard sources of neutri-
nos that may contribute at very high energies. Indeed, it
is expected that the spectrum of neutrinos produced by
astrophysical processes, usually modeled by a smooth
power-law distribution (see e.g. [4, 5]), may contribute
signiﬁcantly to the observed ﬂux.
Apart from these contributions we consider a comple-
mentary source of high energy neutrinos, which is given
by a decaying LLP scenario, which may constitute the
whole or just a fraction of the dark matter (DM) density.
Several scenarios that also could explain the data, with
or without a LLP, can be found in the literature [6–30].
The contribution of the LLP to the neutrino ﬂux
in general can be added to the standard astrophysical
source in order to explain the data, but it is also possi-
ble that the LLP alone could explain the data [17, 18].
Therefore, the central idea of our study is to compare
these possibilities and evaluate the feasibility of distin-
guishing between them with current or future data.
The paper is organized as follows. In Section 2, we
describe the various sources of neutrinos in IceCube re-
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quired for our data analysis. In Section 3, we perform
an analysis of the IceCube data in view of three scenar-
ios (a) Power-Law, (b) Power-Law+LLP and (c) LLP.
In Section 4 we discuss how our model can be falsiﬁed
with future IceCube data. In Section 5 we construct a
LLP model that could accommodate the IceCube obser-
vations. Finally, in Section 6 we make our ﬁnal remarks
and conclusions.
2. IceCube Data Analysis: A Brief Description
We will consider in our calculations three diﬀerent
sources of neutrinos in IceCube: LLP decays, an un-
known astrophysical source (modelled with a power-
law spectrum) and cosmic ray air showers.
The contributions of LLP decays to the IceCube neu-
trino ﬂux have two diﬀerent components: a galactic and
a diﬀuse extra-galactic contribution. The neutrino dif-














ds ρY (r(s)), (1)
where the integral on s is along the line of sight and
r2 = s2 + r20 − 2 s r0 cos(l) cos(b), with −90◦ ≤ b < 90◦
and −180◦ ≤ l < 180◦. Here r0 = 8.5 kpc is the dis-
tance from the Sun to the galactic center. The term
(1/N)dN/dEν is the normalized neutrino energy spec-
trum calculated using PYTHIA in the context of the
LLP scenario proposed. For the galactic LLP matter
density we use the DM Einasto density proﬁle,







with the standard choices rs = 20 kpc, α¯ = 0.17 and
ρ0 = 0.3 GeV cm−3. From this we can calculate the



















The extra-galactic contribution to the neutrino























where y = 1 + z, z being the red-shift and the numeri-
cal values of the cosmological densities ΩDM = 0.265,
ΩM = 0.315, ΩΛ = 0.685, Hubble constant H0 = 67.3
km/s/Mpc and ρc = 1.054×10−5h2 GeV/cm3 were taken
from [32, 33]. Here we want to stress that although in
the ﬁt we have ﬁxed ΩDM = 0.265 to be all the DM
density, in principle the LLP can constitute only part of
the DM. The lifetime of the LLP τY obtained from the
ﬁt will have to be multiplied by a factor of κ if the LLP
constitute only a fraction κ to the DM density. Hence τY
obtained from the ﬁt is the upper bound on the lifetime
of Y .
The cosmic unknown neutrino source contribution
was estimated as a power-law similar to [30, 34] but















where C0 is the per-ﬂavour normalization (1:1:1) and s
is the spectral index. These are parameters to be ﬁt to
the experimental observations. The total number of neu-
trino events expected in the n-th energy bin of IceCube,
N(En), is calculated as












where T is the exposure time, here 988 days [3],Ω = 4π
is the solid angle of coverage, Aαeﬀ(Eν) is the eﬀective
area for the neutrino ﬂavour α taken from [2], En and
En+1 are the lower and upper energy limits of the bin and
the sum
∑
j,α is performed over each lepton ﬂavour α
and the diﬀerent contributions to the neutrino ﬂux (e.g.
Eqs. 3, 4, 5 and the atmospheric background neutrinos
discussed in the next paragraph), labelled by j, for each
scenario as shown in Table 1. For scenarios that con-
tain two decaying channels the branching ratio rνN is
included in the computation of (1/N)dN/dEν.
Finally we will also take into account the background
neutrinos that arise from cosmic ray air showers, mainly
from muon, π/K and charm decays, simply by using
the digitalized numbers for the atmospheric background
from the IceCube paper [3]. We have extrapolated this
background to higher energy bins (up to 10 PeV).
3. Fitting the IceCube Data in Three Scenarios
We compare three scenarios in ﬁtting the three years
of IceCube data [3]: (a) a single power-law, (b) a power-
law and a two-body LLP decay and (c) pure LLP decays
according to the LLP model described in Section 5. In
the analysis, we consider the energy domain from about
10 TeV up to 10 PeV, altogether 14 bins as shown for
e.g. in Figure 1. Although the last three bins (from
B. Panes / Nuclear and Particle Physics Proceedings 267–269 (2015) 123–130124
H0 s C0 τY rνN χ2min p
I 2.3 0.6 - - 39.41 0.5
II.a 2.43 0.51 5.26 - 38.07 0.45
II.b 2.76 0.52 2.72 - 36.67 0.58
III.a - - 0.73 0.14 42.53 0.06
III.b - - 0.88 0.35 36.6 0.56
IV.a - - 1.81 0.56 44.87 0.01
IV.b - - 1.13 0.23 36.25 0.57
V - - 1.9 - 38.64 0.24
Table 1: Summary of best ﬁt parameters and p-values for the hypoth-
esis H0 considered in this work. C0 is given in GeV cm−2 s−1 sr−1,
τY is in units of 1028s and rνN is the branching ratio of the channel
Y → νN. The descriptions of each hypothesis are given in sections
3.1, 3.2 and 3.3.
about 2 PeV to 10 PeV) have null events, they are im-
portant to help to disentangle the various hypotheses as
we will show in Section 4.
In the scenario (a) we have two free parameters, s
and C0 (Eq. 5), in the scenario (b) we have an extra free
parameter, the lifetime τY while the LLP mass MY is
ﬁxed to be either 2.2 or 4.0 PeV and the branching ratio
rνN = BR(Y → νN) = 1. Finally, in the scenario (c) we
will also have two free parameters τY and rνN while MY
will also be ﬁxed to be either 2.2 or 4.0 PeV.
In order to estimate the best ﬁt values of the parame-
ters in each case we use the method of maximum like-
lihood. We also compute the p-value associated with
each hypothesis H0. The summary of best ﬁt parame-
ters and the corresponding p-values for the hypotheses
considered in this work are given in Table 1. Intervals at
1, 2 and 3σ conﬁdence level together with an extended
explanation of our statistical analysis can be found in
[1, 35].
3.1. Power-Law Fit (H0 = I)
In Figure 1 we show the best ﬁt curve for an unbro-
ken power-law spectrum ﬁt to the data. Although it is
at this point unclear if this power-law behaviour can
be explained by a single astrophysical type of source,
this hypothesis is the simplest one. We show the atmo-
spheric background contribution (red curve), the power-
law contribution (magenta curve) as well as the sum of
the atmospheric background and the power-law signal
ﬁt (blue curve) for our best ﬁt values. From this we see
that the power-law contribution is only signiﬁcant for
energies >∼ 100 TeV, the lower energy part of the spec-
trum is dominated by the atmospheric background. If
this hypothesis is true there should be events in the gap


























Figure 1: Best ﬁt curve for an unbroken power-law spectrum with
s = 2.3 and C0 = 0.6 GeV cm−2 s−1 sr−1. The IceCube data points
(black crosses) are shown as well as the contributions from atmo-
spheric background (ATM, red), the single power-law spectrum (PL,
magenta) and the total contribution (TOT, blue).
An unbroken power-law spectrum such as this
one may arise from optically thin galactic neutrino
sources [4]. It has been pointed out that cosmic ray in-
teractions with gas, such as expected around supernova
remnants, seem to be able to produce smooth neutrino
spectra [5].
Figure 2: Contour plot of the allowed region in the plane C0 × s at 1,
2 and 3σ CL for the power-law hypothesis.
Here a note is in order. Our best-ﬁt value is compat-
ible to IceCube spectral index ﬁt [3] within 1σ since at
this conﬁdence level 1.72 ≤ s ≤ 2.83. We show in Fig-
ure 2 the correlation between C0 and the spectral index
s for our ﬁt. We can see that a small change in s can
cause a signiﬁcant change in C0 and vice-versa, so the
best ﬁt values of these parameters are not at this point
very signiﬁcant.
Also we would like to comment on the new IceCube
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veto-based technique developed to study the neutrino
spectrum between 10 and 100 TeV [36]. Using this
new method they were able to better understand their
background at lower energies. Although this could have
an impact on the best ﬁt values of the parameters in
our analysis, we do not believe our conclusions would
change.
3.2. Power-Law + Long-Lived Particle Two Body De-
cay Fit (H0 = II)
In Figure 3 we show the best ﬁt curve for a ﬁt of
the data with a contribution from a power-law spec-
trum combined with a contribution from the LLP decay
Y → ναN, with να a SM neutrino of ﬂavour α = e, μ, τ
and N can be neutrino or another SM singlet ﬁeld, that
will produce a peak in the energy spectrum at MY/2. On
the left panel we show the case MY = 2.2 PeV (II.a). On
the right panel we show the case MY = 4 PeV (II.b). The
hypotheses I, II.a and II.b all have very similar p-values
and at this point seem to be indistinguishable. In both
cases II.a and II.b, the power-law contribution is similar
to the single power-law ﬁt and the LLP decay basically
contributes to the 1 or 2 PeV energy bin, depending on
MY . The future content of these bins can help to distin-
guish the hybrid hypothesis from the single power-law
one.
3.3. Pure Long-Lived Particle Decays Fit (H0 = III, IV
and V)
We have examined three scenarios for pure LLP de-
cays. For H0 = III we have the two comparable de-
cay modes: Y → νN and Y → 4h, with h being the
Higgs boson. For H0 = IV we have two comparable
two-body decay modes: Y → νN and Y → 2h, whereas
for H0 = V we have only a single decay contribution
Y → νN.
In Figure 4 we show the best ﬁt curve for pure LLP
decay into the two modes Y → νN and Y → 4h. On the
left panel we show the case MY = 2.2 PeV (III.a). On
the right panel we show the case MY = 4 PeV (III.b).
The hypotheses IV.a (MY = 2.2 PeV) and IV.b (MY = 4
PeV) behave similarly. The ﬁgures can be found in [1].
Clearly the cases with MY = 2.2 PeV are very un-
favourable, but the cases with MY = 4 PeV are consis-
tent with data. In fact, the ﬁt with MY = 4 PeV and the
LLP decaying into νN and 2h presents one of the highest
p-value of all cases studied. We see that the LLP decays
start to contribute to the spectrum at energies >∼ 70 TeV
up to 2 PeV, so these scenarios predicts a sharp cutoﬀ in
the spectrum above 2 PeV that could be conﬁrmed by
future data.














































Figure 3: Best ﬁt curve for an unbroken power-law spectrum com-
bined with the LLP decay Y → νN. The left panel is for MY = 2.2
PeV, s = 2.43, C0 = 0.51 GeV cm−2 sr−1 s−1 and τY = 5.26 × 1028
s. The right panel is for MY = 4 PeV, s = 2.76, C0 = 0.52 GeV cm−2
sr−1 s−1 and τY = 2.72 × 1028 s. The IceCube data points (black
crosses) are shown as well as the contributions from atmospheric
background (ATM, red), single power-law spectrum (PL, magenta),
LLP decay (LLP, green) and the total contribution (TOT, blue).
Finally, we also investigate the single decay mode
Y → νN for MY = 4 PeV. This case is shown in Fig-
ure 5. We see that in this case instead of just a peak
at 2 PeV, there is a cascade tail of lower energies neu-
trinos due to EW corrections (partially also due to the
extragalactic neutrinos from LLP decay that redshifts to
lower energies). Nevertheless the LLP decay only starts
to contribute at much higher energies, around 500 TeV,
so up to that point the spectrum has to be entirely ex-
plained by the atmospheric background. Also this sce-
nario predicts a cutoﬀ in the spectrum after 2 PeV. Just
by looking at Figure 5 we see that the data in the two
bins bellow 500 TeV and the bin at 1 PeV seem to be
higher than the theoretical prediction.
To conclude this section we note that at this point
the data seems to be equally compatible with a single
power-law spectrum, a power-law plus Y → νN spec-
trum or a spectrum due to a 4 PeV LLP decaying into
νN and 2h or 4h.
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Figure 4: Best ﬁt curve for pure LLP decays into Y → νN and Y →
4h. The left panel is for MY = 2.2 PeV, τY = 0.73 × 1028 s and rνN =
14%. The right panel is for MY = 4 PeV, τY = 0.88×1028 s and rνN =
35%. The IceCube data points (black crosses) are shown as well as the
contributions from atmospheric background (ATM, red), LLP decays
(LLP, green) and the total contribution (TOT, blue).
3.4. Gamma-ray and Antiproton Constraints
We now discuss the consistency of our scenario with
the limits imposed by diﬀuse gamma-ray and antipro-
ton observations. As discussed by the authors of [37],
the cascade gamma-ray bound is largely DM mass-
independent at suﬃciently high masses, because it is
essentially bolometric in nature. It allows us relatively
DM mass independent conclusion. Also the gamma-ray
limits at very high masses is weaker than the limit for
neutrinos which was obtained [37] assuming non obser-
vation of three years run of IceCube. When applied to
our case, it means that models of LLP decay which ex-
plain IceCube neutrino excess would be free from the
diﬀuse gamma ray bound, even though the new Fermi-
LAT data at higher energies [38] makes the consistency
more nontrivial [39]. The authors of [21] also reached
the similar conclusion on gamma ray bound with the re-
cent Fermi data.
More speciﬁcally in our case, the model we examined
in this section is much safer than the generic LLP decay























Figure 5: Best ﬁt curve for a MY = 4 PeV LLP decaying into Y → νN
with τY = 1.9 × 1028 s. The IceCube data points (black crosses)
are shown as well as the contributions from atmospheric background
(ATM, red), the LLP decay (LLP, green) and the total contribution
(TOT, blue).
scenario, because the decay products, neutrinos, gam-
mas, and electrons, etc. from Higgs boson is about 10
times less prominent compared to those from bb¯ at low
energies (see also [13]). It appears that the PAMELA
antiproton limit is also cleared by our LLP scenario, as
one can see in Figure 6 in [40]. By extrapolating three-
orders of magnitude in the DM mass from those in Fig-
ure 6 the lifetime lower bound is well below 1027 s.
4. Future Data Perspectives
In view of the fact that at this point the data seems
to be compatible with many diﬀerent cases we would
like to establish the necessary exposure time in order to
exclude a given hypothesis Hj assuming the true expla-
nation of the data is Hi. Our discussion in this section
relies only on energy spectrum information. 1
In Figure 6 we show the curves for all the hypotheses
best ﬁt with the current data. From this we can clearly
see that data at higher energies will be able to help to
disentangle the various hypotheses. We simulate the fu-
ture IceCube data based on current hypotheses by as-
suming a linear increase of the number of events in each
bin.
In Table 2 we show the results of our computations
for all possible combinations of the hypotheses we con-
sider. In the columns we place the true hypothesis Hi
1There may be other ways to distinguish the various hypotheses
including ours, for example, by pinning down the sources, possible
identiﬁcation of galactic-extragalactic components, and by correlating
with gamma ray observation.
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Figure 6: The best ﬁt for all the hypotheses with the current data and
the atmospheric background extrapolated up to the energy range [10
TeV, 10 PeV].
I II.a II.b III.b IV.b V
I - 25∗ 8 8 9 4.5
II.a - - 7 8 12 4.5
II.b - 23∗ - 75∗ 25∗ -
III.b 4.5 6 34∗ - 28∗ -
IV.b 4.5 9 20∗ 45∗ - -
V 2.5 3.5 12 11 9 -
Table 2: Estimation of the exclusion time needed to eliminate a hy-
pothesis. In each cell we write the value of fT . We use the notation f ∗T
to identify combinations that can be excluded but in a very long time.
while in the rows we place the hypothesis to be excluded
Hj. We deﬁne the exclusion time as T = fT × 988 days.
In each cell we write the value of fT , which indicates
the necessary exposure time in order to exclude Hj at
95% conﬁdence level. Besides, we use the notation f ∗T
to identify combinations that can be distinguished but
in a very long time. Cells with just a line instead of a
number identify those combinations that cannot be dis-
entagle.
We see that assuming a power-law spectrum, the
solely LLP decay models can be excluded with two to
ﬁve times the current data due to the absence of neutrino
events beyond the cutoﬀ energy. If we introduce a LLP
component to the power-law it will take a longer time to
distinguish from the solely LLP decay models because
in this case the power-law spectral index turns out to be
larger and predicts less events beyond the cutoﬀ. A sin-
gle power-law and a power-law plus the LLP decay is
rather diﬃcult to distinguish unless one constraints the
lifetime of the LLP to a maximum value. If the future
data is consistent with solely LLP decays it will be dif-
ﬁcult to distinguish among the possible contributing de-
cay mode scenarios, but the sharp cutoﬀ in the spectrum
will certainly indicate a LLP decay component.
5. A Model for Long-Lived Particle
In this section we present a consistent model for a
LLP that could give rise to the channel decays used to
ﬁt the data in the previous sections. We must emphasize
that although we rely on this model to explain the Ice-
Cube high-energy neutrino excess, it is by no means the
unique option possible. However, we hope that it serves
as the existence proof of such models that can explain
the data only by LLP decays.
As seen in the previous sections, we can accommo-
date the IceCube data with the following decay chan-
nels: Y → νN, Y → 2h and Y → 4h. To accomplish
this, we introduce two complex scalar ﬁelds, Y and X,
that are singlets under the SM gauge group. For the
fermionic sector, we introduce a new vectorlike pair of
fermion doublets ΨL = (ψ0L, ψ
−
L)




and another right-handed fermion singlet NR. In ad-
dition, we assume these new ﬁelds to be charged un-
der a new U(1)X symmetry, such that the charges of
(X, Y,ΨL,ΨR,NR) are (1,−2, 2, 2, 2) respectively.
5.1. The Scalar Sector
Now we will describe the scalar sector of our model









































where H is the SM Higgs doublet. We assume that all
the dimensionless couplings λ’s are positive. The com-
plex dimension one coupling μXY can be made real by
redeﬁning X and/or Y ﬁelds. Without loss of general-
ity, in the following, μXY is taken to be real and pos-
itive. We further assume that the new physics scale
〈X〉 = w 
 v = 174 GeV. As we will see below, the
LLP is approximately YR (the real part of Y) and hence
MY is at the PeV scale. We also take M2Y > 0 such that
no large vev will be induced for Y . Instead, a small vev
for Y is induced through the μXY term:
〈Y〉 = u = μXYw2/M2Y , (8)
where we have assumed the condition μXYw2/M3Y  1.
As we will see later, this condition is always fulﬁlled
due to the long-lived requirement of the LLP.
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U(1)X is spontaneously broken when X acquires a
vacuum expectation value (vev) w. If the U(1)X is a
global symmetry, we will have one massless Nambu-
Goldstone boson (NGB). According to Ref. [41], if one
considers 109 GeV  w  1012 GeV, the NGB will de-
couple much before the neutrino decoupling tempera-
ture T ∼ MeV and hence its temperature will red-shift
to a much lower value and have a small contribution to
the energy density at the time of nucleosynthesis. As-
suming the SM degrees of freedom, it is possible to have
up to 37 NGBs. Alternatively, U(1)X can be gauged and
instead of a NGB, we will have a massive gauge boson
associated with U(1)X . In this case the w scale can be
relaxed to a lower value.
In the following we write Y = u + (YR + iYI)/
√
2,
X = w + (XR + iXI)/
√
2, H = v + h/
√
2. To avoid
the constraints from both the Higgs mass [42] and in-
visible width [43] we require 4λ2HX/(λXλH)  1 and
λHX < 0.01 respectively. Then YR, YI , XR and XI are
approximately mass eigenstates with respective masses
M2YR = M
2
Y ≤ M2YI , M2XR = λXw2, M2XI = 0 . (9)
In terms of these masses and the parameters of the
scalar potential of Eq. 7, we ﬁnd that the relevant decay
widths for the decays of Y to scalars are given by
Γ (Y → XIXI) = 132π
(λXYu + μXY )2
MY
,

















where we see that every decay width is proportional to
μXY . In order to make Γ (Y → 4h) and Γ (Y → 2h) com-
parable we need λHY ∼ 10−7|λXY − (MY/w)2|, where
we have assumed that MY ∼ 1 PeV, w ∼ 1010 GeV and
λHX/λX ∼ 1. From these considerations we notice that
in general the 2h channel is faster than the 4h one and
the Goldstone decay channel always dominate. Consid-
ering that the lifetime required to reproduce the neutrino









Interestingly, this constraint on μXY ensures that the
width of the Goldstone channel is small enough in order
to obtain that the total lifetime of Y is larger than the age
of the Universe.
5.2. The Fermionic Sector
Now we describe the new fermionic sector of our
model. With the introduction of a pair of vectorlike
fermion doublets ΨL, ΨR and a right-handed singlet NR,
we have the following new terms
L ⊃ yΨLΨRY + yνΨLH˜NR + MΨΨLΨR , (12)
where L = (νL, eL)T are the SM lepton doublets with
the ﬂavour index suppressed and H˜ = iσ2H∗ with σ2
the Pauli matrix. We assume that MΨ > PeV such that
Y cannot decay into it.
Due to the very small u/MΨ, the charged leptons mass
eigenstates are still mα ≡ (yˆe)ααv, with v the vev, to a
good approximation. For the neutral leptons, since we
have introduced only one NR, there is only one massive
active neutrino with Dirac mass.






















Notice that the charged lepton channel is proportional
to μXY and suppressed by extra powers of MΨ in com-
parison to the neutral channel. Thus assuming the di-
mensionless couplings are of the same order and con-
sidering, for example, mτ/v, the ratio between the chan-
nels is still suppressed by very small u/MΨ. Hence the
decays of Y into neutrinos will always largely dominate
over the decays into charged leptons and can be ignored.
The longetivity of Y predicts extremely small contribu-
tions to the neutrino mass.
6. Conclusion
We investigate the possibility that the IceCube neu-
trino events with energies from 30 TeV to 2 PeV can
be explained by (a) solely a power-law spectrum, (b)
decays of a PeV scale LLP with power-law spectrum
component and (c) solely decays of a PeV scale LLP.
For scenario (c), we study a simple scenario where a
scalar LLP, Y , decays dominantly into Y → νN, Y → 2h
or Y → 4h. We present a simple extension of the SM
where two extra complex scalars, singlets under the SM
group, a vectorlike pair of fermion doublets and a right-
handed fermion singlet are charged under a global or
gauge U(1)X . We show that this model can give rise to a
LLP that can decay dominantly according to the above
modes.
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Using the current IceCube three-year data set of 37
events [3], we ﬁnd that all the three scenarios (a)–(c)
above ﬁt the data equally well due to the low statistics.
Our results for these ﬁts are summarized in Table 1. In
order to disentangle various scenarios above, we simu-
late the future IceCube data based on current hypotheses
up to neutrino energies of 10 PeV. Using only the energy
spectrum information, we determine the exposure time
needed to disentangle various scenarios by future data
(summarized in Table 2). Assuming a power-law spec-
trum, the solely LLP decay models can be excluded with
two to ﬁve times the current data. Other combinations
will take longer time and in some cases it will be impos-
sible to distinguish between hypotheses.
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